Abstract-The mammalian gastrointestinal (GI) tract undergoes rapid development during early postnatal life in order to transition from a milk to solid diet. Interstitial cells of Cajal (ICC) are the pacemaker cells that coordinate smooth muscle contractility within the GI tract, and hence we hypothesized that ICC networks undergo significant developmental changes during this early postnatal period. Numerical metrics for quantifying ICC network structural properties were applied on confocal ICC network imaging data obtained from the murine small intestine at various postnatal ages spanning birth to weaning. These imaging data were also coupled to a biophysically-based computational model to simulate pacemaker activity in the networks, to quantify how changes in structure may alter function. The results showed a pruning-like mechanism which occurs during postnatal development, and the temporal course of this phenomenon was defined. There was an initial ICC process overgrowth to optimize network efficiency and increase functional output volume. This was followed by a selective retaining and strengthening of processes, while others were discarded to further elevate functional output volume. Subsequently, new ICC processes were formed and the network was adjusted to its adult morphology. These postnatal ICC network developmental events may be critical in facilitating mature digestive function.
INTRODUCTION
In mammals, nutrition supply via the placenta ceases at birth and the animal becomes reliant upon the gastrointestinal (GI) tract to digest and absorb nutrients from milk. 1 Shortly after, the GI tract has to be prepared for the dietary changes that occur during weaning. 10 The GI tract must therefore undergo adaptations to cope with this changing workload.
GI motility is facilitated by specialized cells called interstitial cells of Cajal (ICC). 4 One population of ICC which resides in the myenteric plexus (ICC-MP) between the circular and longitudinal smooth muscle layers is responsible for generating the pacemaker potential that co-ordinates small intestinal motility. 12 In mice, ICC or their precursors first appear in the intestinal wall at embryonic day 12 (E12). 15, 33 An intact ICC-MP network with functional pacemaker activity is formed by postnatal day 2 (P2), 18 whereas another population of ICC in the small intestine at the level of the deep muscular plexus (ICC-DMP) form shortly after birth, before P5. 32, 33 Despite the early appearance of ICC, these networks continue to develop postnatally. ICC-MP cell density increases after birth and peaks at approximately 2 weeks of age before decreasing, 15, 23, 32 and the network morphology adapts throughout postnatal life. 23 Also, the full adult ultrastructural phenotype of ICC-MP is only obtained by P17 6 and after P21 for ICC-DMP.
It is well known that the central nervous system (CNS) ensures the development of a functional neuronal circuitry through the robust mechanism of initial excessive overgrowth followed by selective pruning of axon branches, [19] [20] [21] and a recent study has also identified postnatal development in the electrophysiological and morphological properties of neurons in the enteric nervous system. 7 Similar to these concepts, we recently proposed a potential pruning-like mechanism that occurs in postnatal ICC network development by comparing 3-day-and 4-week-old murine intestinal ICC-MP networks. 9 This study therefore aimed to identify, quantify, and characterize structural changes in ICC network imaging data acquired at multiple ages throughout early postnatal life to test the presence of a pruning-like mechanism, and to elucidate the temporal course of this process. In addition, biophysically-based computational simulations of ICC pacemaker activity over the imaged ICC networks 3, 8 were performed to gain quantitative insights into the functional significance of the identified structural changes.
MATERIALS AND METHODS

ICC Network Imaging Data
ICC network imaging data was collected using methods as described previously. 17, 23 All experiments were performed in accordance with the Health Guide for the Care and Use of Laboratory Animals of the Third Military Medical University (Chongqing, China). In summary, 5-10 min prior to laparotomy the calcium antagonist papaverine (0.12 mg/g) was injected intraperitoneally into 29 BALB/c mice at postnatal day 0 (P0), P2, P5, P8, P12, P16, and P24 (P0-P8: n = 5 for each age; P12-P24: n = 3 for each age) in order to abolish contractile activity of the small intestine. The entire small intestine (from the pylorus to the ileocecal junction) was removed and placed into PBS containing papaverine (0.5 mg/mL) and the diameter and length of the small intestine was measured immediately. To obtain whole-mount preparations, the small intestine was inflated back to these original dimensions and fixed for 30 min at 4°C with acetone. The longitudinal smooth muscle layer containing the ICC-MP network was prepared under a dissecting microscope, rinsed in PBS and placed in PBS containing 0.3% Triton X-100 at 4°C for 5-10 min. The specimens were first incubated with a blocking solution (4% BSA/PBS) for 30 min at room temperature to avoid non-specific staining, followed by a rat monoclonal anti-c-Kit antibody (ACK2, 1:100; eBioscience) for 8 h at 4°C. Immunoreactivity was then detected using a Cy3-conjugated secondary antibody (anti-rat IgG, 1:100; Zymed). All specimens were handled in a consistent manner. Confocal image slices of the Kit-positive ICC-MP structures were sequentially taken throughout the transmural depth of the specimen, but as the ICC-MP network was thin in the transmural direction (%10 lm) and the majority of processes laid in-plane, the image slices were stacked into a 2D representation of network structure containing all positively labeled cells and processes as performed previously. 3, 23 A total of 61 tissue samples were taken, and the number of samples at each age is shown in Table 1 . The physical dimensions of the samples ranged from 0.363 9 0.379 mm to 0.379 9 0.388 mm, whereas the resolutions ranged from 0.379 to 0.424 lm/pixel.
Unbiased thresholding algorithms were used to segment the images and identify the Kit-positive structures, thereby minimizing any human influence in the process. This imaging data was then pre-processed to remove artifacts for the application of the ICC network structural metrics. 9 Briefly, small gaps with radius of 2 pixels (%0.8 lm) or less in the network structure were joined, and small objects of less than 4 pixels (%0.65 lm 2 ) were removed.
ICC NETWORK STRUCTURAL METRICS
Four numerical metrics we recently proposed 9 were used to quantify the structural changes that occur in ICC-MP networks throughout postnatal development:
1. Density: measures the ICC network volume, representative of the amount of bioelectrical current generated and propagated; 2. Thickness: measures the width of cellular structures within the ICC network plane, which may impact electrical activity propagation through the network; 3. Hole size: measures the radius of non-ICC regions within the ICC network plane. Reflects the distribution of ICC throughout the MP (i.e., the 'tightness' of the network), and may relate to the uniformity of smooth muscle cell (SMC) activation; 4. Connectivity: measures the connectivity of the ICC network. Reflects the structural integrity of the ICC network, indicating the cohesion of entrainment pathways 34 ; Also, to quantify the abundance of ICC processes, an additional fifth metric was developed:
5. Branching index: computed as density divided by thickness (i.e., a dense network with thin processes indicates numerous processes).
ICC PACEMAKER ACTIVITY SIMULATIONS
ICC pacemaker activity over the ICC-MP network structures was conducted using a similar approach to previous studies. 3, 8 Briefly, the ICC networks were discretized into a finite element triangular mesh, with each node point corresponding to a pixel in the ICC network imaging data. The cellular activity of the ICC node points was represented using the biophysicallybased Corrias and Buist ICC model 2 modified to incorporate a finite-state machine (FSM) approach, 28 whereas the activity of the non-ICC node points was represented using a passive cell model with a zero active ionic current. The FSM modeled a voltagedependent entrainment mechanism where the cellular activity of the ICC was divided into the two states of Active and Passive, and the transition between the states was determined by the membrane potential (V m ), Ca 2+ dynamics and a non-refractory period which defines the intrinsic frequency of the pacemaker activity. The following rules were defined for the FSM ICC model 28 :
(1) If the cellular activity of a node is Active, it remains Active until the Ca 2+ dynamics return to a quiescent state. Then it changes to Passive. (2) If the cellular activity of a node is Passive, it remains Passive until V m exceeds an excitation potential threshold while in the non-refractory period, or until the cellular activity of the node has passed the non-refractory period.
The established continuum-based bidomain equations widely used to model cardiac electrical activity 11 were employed to model the tissue level activity, and the model was solved using the CHASTE computational framework. 24 The solution process of the bidomain equations was modified for each ODE time step as described previously 28 :
(1) V m at each node point was evaluated using the bidomain equations.
(2) Based on the newly obtained V m , the cellular activity states of the ICC nodes were updated using the FSM rules. (3) For Passive cellular activity ICC nodes, a zero active ionic current was imposed, which is equivalent to the passive cell model used to represent the non-ICC node points. (4) For Active cellular activity ICC nodes, the ionic current was evaluated using the Corrias and Buist ICC model.
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(5) When transitioning from Passive to Active, the state variables of the cell model were reinitialized to represent the beginning of a new cycle of Ca 2+ dynamics.
ICC pacemaker activity was simulated over each of the 61 networks for 1000 ms with an ODE time step of 0.1 ms and a PDE time step of 1 ms. ICC node points within a square corresponding to 1% of the total network area at the top right corner of the network were set to activate at time t = 0 ms as the initial stimulus to the simulations, whereas the remaining ICC node points were activated via the voltage-dependent entrainment mechanism of the ICC model. 28 The conductivity parameters of the model were selected such that the Ca 2+ wavefronts propagated through the network at approximately 2 mm/s as observed experimentally, 26 and were normalized against the resolution of the network imaging data.
Four measures were used to quantitatively assess the simulated ICC pacemaker activity (Fig. 1) . One measure was based on the electrical event (average V m over the network), as this electrophysiological activity contributes to the coordination of small intestinal motility, 12 whereas the other three measures were based on the average intracellular calcium concentration over the network ( More emphasis was placed on the Ca 2+ dynamics as it plays a key role in the initiation of the electrical event. 27, 31 Specifically, Ca 2+ release through inositol triphosphate receptors in the endoplasmic reticulum and subsequent Ca 2+ entry into mitochondria is a prerequisite of ICC electrical pacemaker activity generation. 36 
STATISTICAL ANALYSIS
The Kruskal-Wallis one-way ANOVA on ranks followed by multiple comparisons (Dunn's test) was applied to identify differences in structure and function between sampling age pairs. Due to the logarithmic nature of the connectivity metric, the logarithm (base 10) of the connectivity metric values were taken before conducting the tests. A p-value of less than 0.05 was considered statistically significant. Figure 2 shows representative ICC-MP networks from the murine intestine at the various postnatal ages, as objectively defined by having structural metric values near the median of the respective groups.
RESULTS
The simulation time over each network was approximately 2 h using 48 cores from Intel Xeon X5660, E5-2680, or E7-2870 CPUs. An example of a simulated Ca 2+ wave propagation sequence from t = 200-1000 ms is shown in Fig. 3 . The underlying ICC network was 885 9 909 pixels at a resolution of 0.42 lm/pixel. The Ca 2+ wave was initiated in the topright corner and in general, propagated toward the bottom-left corner of the network.
STRUCTURAL CHANGES
Significant changes through time were identified in the density, thickness, hole size, and branching index metrics (Kruskal-Wallis test: p < 0.01 for all four metrics; Fig. 4 ), but no change was found in the connectivity metric (p = 0.07; data not shown).
The network density from P12 to P24 was higher than that at P5, with the density at P16 being higher than that at P0 as well. The thickness of the ICC processes decreased from P2 to P5, and then increased between P5 and P16. The network hole size decreased by P16 compared to P0, and by P24, the hole size was smaller than at both P0 and P2. The branching index was higher at P12 and P24 compared to P0 and P2, indicating an increased number of processes between these ages.
Integrating these observations, the temporal course of postnatal ICC network structure development is summarized in Table 2 . In the short period immediately after birth (P0-P2), the ICC network remained in an immature state. Subsequently, an overgrowth in the number of ICC processes had begun by P5 and lasted until P12, as the branching index was higher at P12 than at P0 and P2, but not P5 onwards. This process overgrowth also resulted in an increased density at P12 compared to P5. The decreased thickness at P5 compared to P2 may facilitate the ICC process overgrowth by allowing more processes to be formed per unit cell volume. The lack of a significant difference in branching index at P16 compared to earlier ages indicated that ICC processes had been discarded. However, the retained processes were strengthened due to the increased network density and process thickness at P16 compared to P5, and this strengthening of processes also led to an increased density at P16 compared to P0. Finally, by P24 the higher branching index compared to P0 and P2 again showed formation of new processes while the density remained higher than that at P5. Also, by P16 and P24, the network had smaller holes than at P0 and P2.
FUNCTIONAL CHANGES
Significant changes through time were identified in the activation rate, peak [Ca 2+ ] i , and time to peak [Ca 2+ ] i (Kruskal-Wallis test: p < 0.01 for all three measures), but no change was found in the half peak [Ca 2+ ] i time ratio (p = 0.11; Fig. 5 ).
The activation rate at P12 and P16 was higher than at P5. The peak [Ca 2+ ] i at P12 was higher than at P5, and was higher than that at both P0 and P5 by P16. The time to peak [Ca 2+ ] i was lower between P12 and P24 compared to P5, with P12 and P16 being lower than P0 as well.
The functional changes are reported in relation to the structural changes below (Table 2) . By P12, at the end of the overgrowth of ICC processes, the network had attained higher pacemaker activity transmission efficiency than in the immature state (P0) and before the overgrowth (P5), as seen from the increased activation rate and decreased time to peak [Ca 2+ ] i . The functional output volume quantified by the peak [Ca 2+ ] i also increased since before the overgrowth (P5). At P16, after the pruning-like phenomenon of ICC processes, the high pacemaker activity transmission efficiency was maintained, and the functional output volume increased since both the immature state (P0) and before the overgrowth (P5). Finally, at P24, after the formation of new ICC processes, the pacemaker activity transmission remained efficient, as the time to peak [Ca 2+ ] i was still lower than at the start of ICC process overgrowth (P5), but perhaps not as efficient as the optimal levels observed after the overgrowth (P12) and pruning-like phenomenon (P16).
DISCUSSION
This study was motivated by the hypothesis that intestinal ICC-MP networks undergo major structural changes during early mammalian postnatal development, serving to adapt and optimize gut function for acquiring nutrients for growth and survival. In particular, we wanted to test the presence of a pruning-like mechanism occurring in postnatal ICC network development, 9 similar to that observed in the CNS. [19] [20] [21] Understanding this early postnatal developmental process is important because impaired ICC development has been associated with several early postnatal GI disorders, including transient neonatal pseudo-obstruction 13 and infantile hypertrophic pyloric stenosis. 35 To achieve this, we applied numerical metrics for quantifying ICC network structural properties on murine intestinal ICC-MP imaging data at various postnatal ages, and successfully evaluated the structure-function relationships in these networks by simulating ICC pacemaker activity over tissue-specific networks using biophysically-based computational simulations.
There was excellent correlation between the timing of statistically significant changes in ICC network structure and function throughout postnatal development, as revealed by the separate approaches of structural metric analysis and biophysically-based modeling. Together, these results elucidated the various events and temporal course of ICC network development, as well as the physiological significance of it. We identified that during postnatal development of ICC networks, there is an initial process overgrowth followed by a pruning-like phenomenon of processes, and subsequently formation of new processes. The concept of axon overgrowth followed by pruning during development is well established in the CNS [19] [20] [21] as a mechanism to ensure the development of a robust neuronal circuitry. Similarly, in ICC network development, an abundance of ICC processes are initially grown to achieve high pacemaker activity transmission efficiency, which may also ensure propagation stability and avoid the development of arrhythmias, as well as to increase the output volume of the pacemaker activity. Subsequently, during the pruning-like phenomenon, the less efficient or redundant processes are discarded without impacting the overall efficiency of the network, and the retained processes are also strengthened to further elevate the pacemaker activity output volume. Mice wean at 3 weeks of age, and hence the formation of new processes after the overgrowth-pruning-like cycle may offer a chance for the ICC network to adjust to the altered luminal contents and workload. Our simulation results showed that pacemaker activity transmission was still efficient after the formation of new processes, but was not as pronounced as after the overgrowth and pruning-like phenomenon. Therefore, these new processes may develop with objectives other than optimizing pacemaker activity. One possibility would be development in response to myenteric neurons, which adapt morphologically and electrophysiologically throughout postnatal life until adulthood, 7 as ICC are also responsible for integrating neurotransmission with its pacemaker activity. 14 The reduction in hole size observed around the time of weaning (P16 and P24) indicates an improved spatial distribution of the generated pacemaker activity, which may aid in propagating this pacemaker activity through the thickened smooth muscle layers. 23 It is also interesting to note the close correspondence between the structural changes identified in this study and other aspects of ICC and intestinal development presented previously. After birth, the ICC network structure remained in an immature state until P2. It has been shown that ICC-MP only establish mature ultrastructural features and electrophysiological activity during this period, 18 and hence development in the network structure may not occur before the individual cells have fully developed (i.e., development during this period focuses on intracellular rather than intercellular aspects). Also, it is known that the Kit receptor is essential for ICC development and intestinal pacemaker activity, 12, 22 but W bd /W bd mutant mice with a down-modulation of Kit expression 16 display a normal network of ICC at P5, and the lack of a functional ICC network and intestinal pacemaker activity in adult W bd /W bd mice is due to hampered ICC development after P5. 15 Therefore, inadequate signaling through the Kit receptor may lead to a failure in the initial overgrowth of ICC processes and consequently disrupts the downstream developmental events. Structural metric analysis did not show any change in ICC network connectivity from birth through to weaning. This result was as expected since cohesion of the entrainment pathways is crucial for functional pacemaker activity, 34 which is present throughout normal postnatal development. Also, the lack of any differences in the half peak [Ca 2+ ] i time ratio functional measure indicates that the [Ca 2+ ] i upstroke dynamics do not change throughout postnatal life. That is, the [Ca 2+ ] i upstroke waveform is approximately linearly scaled at different postnatal ages.
The small intestine grows significantly in size throughout postnatal life 23, 29 which should result in continuous stretching of the ICC network, but the identified non-monotonic variation in network structure through time indicates that these observed changes are not simply an epiphenomenon of growth and the accompanying stretch. On the other hand, stretch to the tissue induced during the experimental procedure may influence some of the structural metric and functional measure values reported. Although we have taken precautions to minimize these errors (i.e., meticulous care in tissue handling, multiple samples), it is difficult to quantify the extent of the induced stretch and hence the magnitudes of the introduced errors. However, as all animals and tissues were treated in exactly the same manner, we can anticipate that the degree of stretch is quite consistent across specimens, therefore reducing the contribution of this variable to the data variance. Nonetheless, methods for further addressing this issue need to be investigated. One such strategy is to co-stain and count smooth muscle nuclei, which we used in a previous publication to demonstrate that ICC loss in gastroparesis is not a secondary consequence of gastric distension in these patients. 25 Although stretch effects would not be eliminated, smooth muscle nuclei counts can quantify the relative levels of stretch between different tissue samples, and hence can be used as a normalization factor for standardized analysis.
Both the structural and functional analysis techniques employed in this paper view the ICC network as a functional syncytium and individual cell boundaries are not considered. We believe this approach is appropriate as ICC-MP networks are highly connected and hence individual cell boundaries (i.e., which processes belong to which cells) cannot be distinguished at the levels of magnification employed in this study. 30 Therefore, the reported changes in the branching of ICC processes throughout postnatal development are relative to per unit cell volume as opposed to per cell, and as the volume of individual ICC may not remain constant throughout development, the results of this study cannot be directly correlated to changes in ICC numbers. The intervals between the sampling ages were selected to be sparser for the older ages (e.g., only 2 days from P0 to P2 but 8 days from P16 to P24) because we expected the rate of development to decay with time. We believe these sparser sampling ages have been able to exhibit a general trend in the postnatal development of ICC networks, but further studies with a more refined temporal resolution may better capture the details of this developmental process. Another potential limitation of this work is that the ICC networks have been sampled from throughout the small intestine (i.e., from the duodenum, jejunum, and ileum), and we have assumed comparable developmental patterns across the organ. Another avenue of future work will be to examine whether any differences in developmental pattern exist between the different small intestinal regions, and if present, identify the interaction effects between spatial region and temporal development.
In conclusion, this study has employed quantitative metrics and computational modeling to assess the structural and functional changes that occur in postnatal development of murine ICC networks. The analysis identified a pruning-like mechanism during postnatal ICC network development which may facilitate mature digestive function, and elucidated the temporal course of this developmental process.
ACKNOWLEDGMENTS
The authors would like to thank Dr. Feng Mei for beneficial discussion and critical review of the paper, and Dr. Niranchan Paskaranandavadivel for assessing the quality of the ICC imaging data. The authors also wish to acknowledge the contribution of the NeSI high-performance computing facilities at the University of Auckland and the staff at NeSI and Centre for eResearch. J.G. is supported by a University of Auckland Health Research Doctoral Scholarship, a Freemasons Postgraduate Scholarship, and a R. H. T. Bates Postgraduate Scholarship. This work is funded in part by grants from the Riddet Institute, New Zealand Health Research Council, and National Institutes of Health (R01 DK64775). 
